Emulsan, the polyanionic emulsifying agent synthesized by Acinetobacter calcoaceticus RAG-1, was depolymerized by an enzyme obtained from a soil bacterium YUV-1. The extracellular emulsan depolymerase was produced when strains RAG-1 and YUV-1 were grown together on agar medium. The enzyme was extracted from the agar and concentrated by ultrafiltration and ammonium sulfate precipitation. The molecular weight of the enzyme was estimated to be 89,000. Emulsan depolymerase activity was due to an eliminase reaction which split glycosidic linkages within the heteropolysaccharide backbone of emulsan to generate reducing groups and a,,B-unsaturated uronides with an absorbance maximum of 233 nm. Deesterified emulsan was degraded by emulsan depolymerase at only 27% of the rate of the native polymer. The treatment of emulsan solutions with emulsan depolymerase for brief periods caused a rapid and parallel drop in viscosity and emulsifying activity. More than 75% of the viscosity and emulsifying activity was lost at a time when less than 0.5% of the glycosidic linkages were broken. These data indicate that (i) emulsan depolymerase is an endoglycosidase and (ii) the higher the molecular weight of emulsan, the greater its emulsifying activity. Exhaustive digestion of emulsan with emulsan depolymerase produced oligosaccharides with a number average molecular weight of about 3,000. The fractionation of the digest on Bio-Gel P-6 yielded four broad peaks. The pooled fractions from each of the peaks contained the same relative amounts of reducing sugar and had an absorbance at 233 nm. The molar ratio of esterified sugar to reducing groups was close to 2 in each fraction.
The hydrocarbon-degrading bacterium Acinetobacter calcoaceticus RAG-1 produces a potent extracellular emulsifier (13, 17) , referred to as emulsan. Emulsan stabilizes a wide variety of hydrocarbon-in-water emulsions by forming a strong film on the interface (16, 23) . Although the chemical structure of emulsan has not yet been elucidated, it appears to consist of a heteropolysaccharide backbone (D-galactosamine, amino uronic acid, and a third unidentified amino sugar) with fatty acid side chains joined through O-ester and N-acyl linkages (2, 24) . Protein (approximately 15%) associated with the biopolymer can be removed by hot-phenol treatment without the destruction of activity (24) .
Recent studies have demonstrated that emulsan, or an emulsan-like polymer, accumulates on the surface of exponentially growing A. calcoaceticus RAG-1 as a minicapsule (4, 19 ; 0. Pines, E. Bayer, and D. L. Gutnick, submitted for publication).
Studies on the chemical structure of emulsan are difficult because of the stability of the polymer. Acid hydrolysis conditions (6 N HCl, 100°C, 3 h) necessary to release the amino sugar and amino uronic acitl monomers from the polymer cause considerable decomposition of the products and thus complicate identification procedures. In addition, chemical hydrolysis invariably releases fatty acids from the emulsan backbone, causing a loss of emulsifying activity and making it impossible to isolate the esterified sugars. In many investigations, dating from the work of Dubos and Avery (3), various enzymes have been used to degrade specific bacterial polysaccharides to fragments of low molecular weight. Such small fragments have proved to be extremely useful in elucidating the structure of the original polysaccharide. Recently, we isolated, by enrichment culture procedures, a soil bacterium, YUV-1, which degrades emulsan and utilizes it for growth (20) . This report describes the extracellular emulsan depolymerase produced by YUV-1 and characterizes the products formed by limited and exhaustive treatment of emulsan with the enzyme.
MATERIAL AND METHODS
Bacterial strains. A. calcoaceticus RAG-1 (ATCC 31012) was initially isolated after enrichment on crude oil (13) . A. calcoaceticus AG-1, TR-3, and 10 are emulsan-negative mutants of RAG-1 (12 Emulsification assay. Emulsan activity was determined by a standard emulsification assay (17) which is based on the emulsification of a mixture of 0.1 ml of hexadecane-2-methylnaphthalene (1:1 [vol/vol]) in 7.5 ml of TM buffer. After the mixture was shaken for 60 min at 30°C, the turbidity of the stable hydrocarbon-inwater emulsion was measured in a Klett-Summerson colorimeter. One unit of activity per milliliter of assay mixture is that amount of emulsan which gives rise to a turbidity of 100 Klett units in the standard emulsification assay.
General analytical methods. Viscosity was measured in a PSL calibrated Cannon-Ubbelohde semimicro viscometer (ASTM J.P., size 50; PSL, England). Samples were measured in the standard TM buffer. The TM buffer value was 212 s at 30°C.
Reducing sugar was determined by the ferricyanide method (11), using D-galactosamine as the standard. Protein was measured by the method of Lowry et al. (8) , using bovine serum albumin as the standard. Ester content was determined by a mnodification (21) of the Hestrin method (6), using acetohydroxamate as the standard. Free amino groups in emulsan were determined by a modification of the trinitrobenzene sulfonate (TNBS) method (5), using D-galactosamine as the standard. The test was performed with 0.2% TNBS and without sodium dodecyl sulfate. Proteinase was assayed as described previously (15), using 0.2% casein (Merck & Co., Inc., Rahway, N.J.) as the substrate. The 2-thiobarbituric acid condensation reaction for a,4-unsaturated carboxylic acid groups was performed as described by Albersheim and Deuel (1).
Emulsan depolymerase assays. Three different techniques were used for measuring emulsanase activity. The standard assay was the formation of reducing groups. The reaction mixture contained 1.0 mg of emulsan per ml, 50 mM potassium phosphate buffer (pH 7.0), and various concentrations of the enzyme. Samples were removed after incubation of 32°C and analyzed for reducing groups by the ferricyanide method (11), using galactosamine as the standard. Reducing sugar values for the emulsan substrate and enzyme preparation were subtracted from the reported data. Emulsan depolymerase activity was also measured by the increase in absorption at 233 nm due to the formation of a,,-unsaturated uronides (7, 10 with stirring at 4°C to 1 liter of the agar extract to reach 50% saturation. After allowing the mixture to stand overnight, we collected the pellet fraction by centrifugation at 4,200 x g for 30 min. The pellet was dissolved in 100 ml of MS buffer, dialyzed extensively against cold MS buffer, and stored at -40°C. This preparation, referred to as fraction A, contained 340 ,ug of protein per ml and yielded a plaque on a preformed RAG-1 lawn in 1 h. To determine which bonds in emulsan were broken by the crude emulsan depolymerase preparation, functional groups of the polymer were determined before and after enzymatic treatment (Table 1) . No significant hydrolysis of ester or N-acyl linkages occurred during the 20 h of incubation of emulsan with the enzyme. In addition, no proteinase activity was detected with casein as a substrate. The number of reducing groups, however, increased 10-fold during the incubation, indicating that emulsan depolymerase is a glycosidase.
When 1 mg of emulsan per ml was used as the substrate, the release of reducing groups was linear for 5.5 h and proportional to enzyme concentration. The specific activity of the crude emulsan depolymerase was 8.6 ,umol of reducing sugar released per h per mg of protein at 32°C. When 2 mg of emulsan per ml was used as the substrate, the specific activity was 13% higher. The crude enzyme was active over a wide pH range: the pH optimum was 7.0 to 8.0, whereas activity at pH 6.0 and 9.1 was only about 30% lower than that found at the optimum pH. The addition of 1 mM CaC12, 1 mM MgCl2, or 10 mM EDTA had no effect on the activity of the enzyme preparation. Boiling the enzyme preparation for 20 min completely inactivated the enzyme.
Emulsan depolymerase activity was also determined spectrophotometrically (Fig. 1 ). An increase in UV absorbance was due, presumably, to the formation of a,1-unsaturated carboxylic groups (eliminase reaction) with an absorption maximum at 233 nm (10) . The initial rate of reaction with deesterified emulsan was only 27% of the rate with the untreated polymer (Fig. 1) .
The molecular weight of emulsan depolymerase was estimated by gel filtration on Sephadex G-100 (V0 = 24 ml), using cytochrome c (molecular weight = 12,400) and alkaline phosphatase (molecular weight = 86,000) as internal standards. Emulsan depolymerase activity appeared as a single peak (Ve = 28 ml). Phosphatase activity and cytochrome c eluted with Ve values of 30 and 58.5 ml, respectively. From the known molecular weights of the standards and the Ve values determined, the molecular weight of emulsan depolymerase was estimated to be 89,000.
Partial enzymatic depolymerization of emulsan: relationships between viscosity, emulsifying activity, and molecular size. To gain information about both the mode of action of emulsan depolymerase and structure-function relationships of emulsan, we determined reducing sugar, emulsifying activity, and viscosity, after different periods of incubation of emulsan with the enzyme (Fig. 2 and 3) .
Breakage of the emulsan macromolecule as measured chemically by the production of reducing groups was linear for 240 min; approximately 0.016 ,umol of reducing sugar per hour per mg was generated, corresponding to 0.36% of the glycosidic linkages in emulsan being hydrolyzed per h. Emulsifying activity dropped rapidly, from an initial value of 210 U/mg to 134 and 55 U/mg at 30 and 60 min, respectively. Thus, more than 75% of the emulsifying activity was lost at a time (60 to 80 min) when less than 0.5% of the glycosidic linkages were broken. Emulsan depolymerase caused a rapid drop in the viscosity of emulsan solution (Fig. 3) . From an initial value of 600 cm3/g, the viscosity decreased to 384 and 156 cm3/g after 20 and 60 min of incubation, respectively, with the enzyme. The initial rate of loss of viscosity was proportional to enzyme concentration. The rapid drop in viscosity compared with the relatively slow release of reducing sugar indicated that emulsan depolymerase is an endoglycosidase. Combining the data shown in Fig. 2 and 3 , it is possible to compare viscosity and emulsifying activity with the reducing power and corresponding number average molecular weight of the depolymerized polymer fragment. The percent decrease in both viscosity and emulsifying activity occurred at about the same rate. Decreases in emulsifying activity and viscosity were observed with the introduction of relatively few breaks in the poly- Fig. 2 (0) , as well as mixtures containing twice the enzyme concentration (0) and boiled enzyme (0), were incubated in a viscometer at 30°C; the viscosity was monitored continuously. mer. After 10, 30, and 60 min of incubation, the estimated molecular weight of emulsan was 330,000, 125,000, and 62,000, respectively. At these three times, emulsifying activity and viscosity had decreased to 75, 40, and 26%, respectively, of their initial values. It should be emphasized that the molecular weight estimations of the partially depolymerized emulsan are number averages based on end-group analyses and assume (i) no branching in the polymer and (ii) the same reducing value per sugar aldehyde for the oligosaccharide (product) as for the galactosamine standard.
Exhaustive digestion of emulsan with emulsan depolymerase. Emulsan (3.6 mg/ml) was incubated at 37°C with two different concentrations of emulsan depolymerase. Although the initial rates of reaction were proportional to enzyme concentration, the endpoints were similar. When 50 gxg of the enzyme per ml was used (fraction A), the endpoint was reached in about 50 h, whereas the endpoint was reached in 25 h with 170 ,ug of the enzyme per ml. In both cases, the reaction ceased after the absorbance at 233 nm had increased by about 1.5 U/mg of emulsan. The addition of fresh enzyme after the reaction had ceased did not result in any further increase in UV absorption, indicating that the digestion had gone to completion.
To characterize the products of exhaustive digestion of the biopolymer with emulsan depolymerase, we incubated 80 mg of emulsan with 1 mg of the enzyme (fraction A) for 5 days in 20 ml of 5 mM Tris buffer (pH 7.5) at 37°C in a sealed tube. After centrifugation to remove a small amount of precipitate that formed during incubation, the clear supernatant fluid was analyzed for increase in absorbance at 233 nm (1.58 U/mg of emulsan) and reducing sugar (0.34 ,umol per mg of emulsan). From end-group analysis (reducing sugar), the number average molecular weight of the oligosaccharide products was about 3,000. Assuming that equivalent moles of reducing sugar and UV-absorbing products were formed as a result of the eliminase reaction, the molar extinction coefficient of the products was 4,600. Further evidence that UV absorption was due to terminal a,4-unsaturated uronic acids was obtained by reaction with the thiobarbituric acid reagent (1). The condensation products formed gave absorption maxima at 550 and 440
nm, characteristic of a,p-unsaturated uronides (10) . When 2 ml of the exhaustively digested incubation mixture was placed on a column of Bio-Gel P-2, over 90% of the UV-absorbing and reducing products were found in the void volume. Partial separation of the oligosaccharide products were obtained by chromatography on Bio-Gel P-6 (Fig. 4) . The elution profile as measured by UV absorption showed four broad peaks at fractions 25, 32, 35, and 43. The relative amounts of absorbance at 233 nm and reducing power were constant in all four peaks. Assuming that each oligosaccharide contains one reducing end and one a,,-unsaturated uronic acid nonreducing end, the molar extinction coefficient for each of the peaks was 4,600 + 400. The void volume contained emulsan depolymerase activity as measured by the spot test on lawns of A. calcoaceticus RAG-1. The peak fractions from the Bio-Gel P-6 column were pooled and further analyzed ( Table 2 ). The total recoveries of UV-absorbing and reducing materials in the four fractions A to D were 94 and 93%, respectively. The molar ratio of ester groups to reducing sugars was relatively constant for all four fractions: A, 1.4; B, 2.0; C, 1.7; and D, 1.9. The estimated molecular weight range for each fraction is indicated in Table 2 .
DISCUSSION
The extracellular emulsan depolymerase preparation obtained from bacterium YUV-1 split the heteropolysaccharide backbone of emulsan without hydrolyzing O-ester or N-acyl linkages. Depolymerase activity was due to an eliminase reaction which generated oligosaccharides of different sizes, each with a reducing end and an a,3-unsaturated uronic acid nonreducing end.
This mechanism is common in bacteria-derived enzymes attacking uronic acid-containing polysaccharide substrates (22) .
An analysis of the reaction products formed by exhaustive digestion of emulsan with the YUV-1 emulsan depolymerase (Table 2) revealed several interesting features of the enzyme specificity and structure of emulsan. The fact that the molar ratio of ester to reducing group in each fraction was relatively constant indicates that the ester groups are not distributed at regular intervals on emulsan. Otherwise, the higher-molecular-weight oligosaccharide fractions should contain considerably more ester per reducing end group than the lower-molecularweight frac9ions. Since deesterified emulsan was a poor substrate for the enzyme and the largestmolecular-weight fragment of the exhaustive digest contained the lowest percent ester content, it is likely that the ester plays a role in the enzyme specificity.
Emulsan contains approximately 4.1 ,mol of amino sugar per mg, of which 1.4 ,umol is an amino uronic acid (24) . The maximum amount of reducing sugar generated by emulsan depolymerase was 0.34 ,umol/mg of emulsan, indicating that about 1 of 12 glycosidic linkages was split. The smallest oligosaccharide generated by the enzyme (Table 2 , fraction D) had an estimated molecular weight of 2,200. Thus, emulsan depolymerase action requires for its activity not only the appropriate amino uronic acid-amino sugar linkage, but also a minimum size for the substrate. Since strain YUV-1 utilizes the amino sugars in emulsan for growth (20) , the bacterium must contain other (probably cell-associated) enzymes which can degrade the oligosaccharides produced by emulsan depolymerase. Such enzymes would be valuable for further structural studies. 2,000-2,400 a Fractions from the Bio-Gel P-6 column described in the legend to Fig. 4 were combined and analyzed for UV absorption, reducing sugar, and ester content as described in the text. b A233, Absorbance at 233 nm.
I Molecular weight ranges were estimated from elution behavior on Bio-Gel P-6.
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One of the most significant findings of this investigation was that high-molecular-weight emulsan was required for maximum emulsifying activity. The observation that relatively few breaks in emulsan caused a dramatic decrease in emulsifying activity can be explained in at least two different ways. (i) The enzyme splits the amphipathic polymer in such a way that the hydrophobic and hydrophilic components are on separate fragments. This possibility is unlikely because the fatty acid esters appeared on all of the fractions from the Bio-Gel P-6 column. Furthermore, preliminary experiments indicated that the surface activity of emulsan (lowering of interfacial tension between hexadecane and water) actually increased after enzyme treatment.
(ii) The appropriate conformation of the emulsan polymer is lost when the molecule is split. As a first approximation, molecular weight (Al) and intrinsic viscosity (-q)i are related by the MarkHouwink eqUlation q, = K Ma, where a is a function of the molecular shape and solvation of the polymer. Randomly coiled chains have lower a values than stiff chains. The determination of a values for emulsan fragments produced by emulsan depolymerase treatment ( Fig. 3 and 4 ) yielded the following: 1.7 for molecular weights between 24,000 and 50,000, 0.75 for molecular weights between 50,000 and 200,000, and 0.25 for molecular weights between 200,000 and 990,000.
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